This article first reviews a part of my past work. The subjects referred to are work hardening of a dispersion strengthened alloy, diffusional stress relaxation around an inclusion, stress aging, double kink formation in a dislocation, the role of boundary or interfacial sliding in stress relaxation and creep of a composite and a polycrystal. Next, micromechanics is applied to stress induced martensitic transformation. In contrast to a standard method of analysis, a change in the structure of a martensite plate by stress is examined. This change is small at the onset of transformation, but becomes larger as transformation progresses.
Introduction
I am fortunate that I have had two lifelong good tutors. Even these days, they answer my questions. One of them once drew something like Fig. 1 and said, ''Remember this figure. Count not only the elastic energy of the spring but the potential energy of the external load. The equilibrium state of our object is reached when the sum of the elastic energy of the spring and the potential energy of the load becomes minimum.'' Later he told me that C. Zener wrote
in his great lecture. Figure 1 and (1) are the two basic concepts I refer to, whenever I check the reasoning behind in a topic I am examining. I like some of my own papers. Almost all of these papers belong to the category of (1) and Fig. 1 . In some cases, friction exists between our object and the supporting table and in others friction is replaced by oily resistance. Also, the spring in Fig. 1 sometimes has a compound structure consisting of springs and dashpots. Our main tasks are to determine the overall spring constants using approximations and the viscosity of the dashpot using metallurgical modelling.
In this article, I first review the work I have done using energetics, mostly concerning energy minimization problems. Interestingly, one subject involves not only the 2 F > 0 state but also the 2 F < 0 state. Next, I will discuss my current work on the subject of stress induced martensitic transformation. I am being rather brave here, because many great recipients of the Gold Medal are either martensite scientists or made a significant contribution to this subject. However, I look at the subject from the point of view of mechanical metallurgy. The old subject of ''heat and beat'' is my trade.
Past Work: Inclusion Micromechanics and Dislocations
Except in a very few cases, all of my work was only possible because of the hard work or clever ideas of my students and colleagues and the help of my friends. This section is partly to show my appreciation to them by reviewing this work which I remember fondly.
(1) Work hardening of dispersion strengthened alloys The problem here is to estimate the spring constant in Fig. 1 , expressed in terms of the shape and elastic constants of reinforcing inclusions. K. Tanaka succeeded in this work, using the mechanics of an inclusion.
1) Almost at the same time, Brown and Stobbs presented a similar formula for work hardening, taking a different approach from ours.
2) For a while, there were arguments about these methods. The estimation of the spring constant in Fig. 1 was a key process for the solution of the problem at that time. Although Eshelby's celebrated paper on an ellipsoidal inclusion was used, 3) the essential idea is that the passage of dislocations is stopped at an inclusion. Eshelby's paper facilitated a closed form expression for the hardening rate.
(2) Diffusional stress relaxation around an isolated particle This work started from Tokushige's detailed experiment on softening of work hardened dispersion strengthened alloys. 4) I was pleased that the dependence of softening rate on particle size was successfully explained by a dislocation approach (the climb-annihilation process of an Orowan loop by pipe-diffusion). This paper was the first in which I formulated something nice using dislocation analysis. Osawa, Okabe and Monzen confirmed the validity of this simple formula in separate experiments. [5] [6] [7] Later, Okabe also analysed stress relaxation due to interfacial diffusion on a matrix-inclusion interface and observed it experimentally. 8, 9) Monzen also confirmed it. 10) (3) Precipitation under stress The variants and density of precipitates are controlled in some precipitation alloys by stressing (stress aging). Horie, Y. Tanaka and Eto examined this subject and pinned down the role of stress in the nucleation stage. [11] [12] [13] I was excited when an Fe single crystal developed a large strain during stress-free second aging, 11) which followed the first stress aging at a lower temperature, the nucleation stage. We had expected a large strain to develop during the second aging. We could also show the continuity from GP[I] to 0 in Al-Cu using similar two-step aging.
12)
(4) Double kink formation in a dislocation in a Peierls potential (asymptotic form) This work 14) involves the dislocation shape having the 2 F < 0 state, which is more important than the 2 F > 0 state to visualize the dislocation motion in a Peierls potential. Seeger, who I have heard first formulated the double kink formation, also re-examined this subject but gave a puzzling formula, 15) almost at the same time when Kato and I studied the subject. 14) Our simple formula could match the results of several experiments. 16, 17) This problem has a perfect analogy to the motion of a material point (point mass) moving in a potential valley. The dislocation line energy is replaced with the mass of the point mass, the distance along the dislocation with time and the slope of the dislocation with the velocity of the point mass. The negative of the Peierls potential plus the external stress potential is read as the potential energy of the point mass. The functional for the energy expression of the dislocation becomes the action of the point mass. The Euler equation for the latter is a simply the equation of motion of the point mass. This analogy is useful to visualize the shape of double kinks. For example, we can see that only a single pair of double kinks is formed, except when the dislocation is pinned down at two points. (5) Stress relaxation caused by sliding on the matrixinclusion interface of isolated inclusions and grain boundaries in a polycrystal Shibata successfully analyzed this subject. 18) At last, I could understand what the great Zener wrote many years ago. 19) Also, the role of particles on grain boundaries in boundary sliding was studied. Second phase particles on boundaries act just like inclusions in dispersion strengthened alloys. Thus, suppression of boundary sliding should be observed. 20) Also, this hardening diminishes at high temperature, when diffusion on matrix-particle interfaces becomes active. 21) These predictions were confirmed by Monzen. I hear that Monzen has shown, using an elegant technique, that the viscosity of a grain boundary sensitively depends on the character of the boundary. 22, 23) (6) Creep of composite and diffusional creep in a polycrystal Some years later, I realized that complete relaxation of internal stress, brought about by plastic deformation, can be achieved only by the simultaneous operation of sliding and diffusion on interfaces and boundaries. 24) This also holds for the annihilation process of an Orowan loop by pipediffusion.
4) The process involves glide motion of the loop. In this respect, Narita's observation that the softening of a stretched dispersion strengthened alloy is accompanied by further elongation is worth mentioning. 25) I had imagined that diffusion suffices to relax stress completely. So, with help of Onaka and Wakashima, sliding was also taken into account to examine stress relaxation and associated subjects. [26] [27] [28] [29] I could also understand that grain boundary sliding is a necessary process in diffusional creep of a polycrystal. This essential role of sliding is also explained by the stress field of dislocations, which remain on boundaries after inducing diffusion and sliding. Also, in polycrystal diffusional creep, the mean field method, 30, 31) was used to its extreme to take into account internal stress caused by many inclusions (grains), since the fraction of inclusions is unity in this case. The method worked remarkably well (I should give due credit to Wakashima for the development of the mean field method). The self-consistent method [32] [33] [34] is mostly used in sophisticated mechanics, but is rather difficult to apply in many problems. On the contrary, the mean field method is so easy to use that the method has now been widely applied. After all, there is no way to judge which method is better.
Most of the above subjects were studied more than 20 years after the subjects were first recognized and became current topics. That is, the work I like is not the type that contributed to the essential development of good subjects, I must admit. However, the work helped me in a practical sense. I could understand these subjects better than just by reading reference books and papers. So, I could discuss these subjects in a clearer way in class. My class was well received by enthusiastic students 35) and some attended the same class several times. Also, a method I discussed in class was used in a beautiful paper written by a student in another professor's group. 36) I was very pleased.
Micromechanics of Stress Induced Martensite
This section is taken from recent joint work between ISIS and Manchester. 40) Here, I deal with low hysteresis alloys undergoing thermoelastic transformation, even though I am not so clear where the word ''thermoelastic'' comes from. I am intending to avoid a complicated discussion on the role of stress in the nucleation stage, during which the lattice change occurs via a simple path or a combination of paths. The effect of stress on the transformation in the above alloys can be discussed with a simple application of equilibrium thermodynamic analysis. I also take an infinitesimal deformation approach, 37) which enables me to apply simple elasticity without bothering with the difficult theory of finite deformation. Also, I will stick to an Fe-Pd alloy. 38, 39) The alloy exhibits perhaps the simplest of martensitic transformations, from an FCC to FCT crystal structure.
In this transformation, there are three possible Bain correspondence variants (BCVs), in which the martensite c- (1) and (2), with volume fractions f and 1 À f respectively. This plate has an average transformation strain of " "
where " T ij ðMÞ is the transformation strain of the M-th BCV. In terms of the austenite lattice parameter, a 0 , and martensite lattice parameters, a and c, the strain component " a is given by ða À a 0 Þ=a 0 and " c by ðc À a 0 Þ=a 0 . There are two more crystallographically equivalent martensite plates. If the two possible values of f are taken into consideration, there are six in total.
Onset of transformation
The stress in a flat martensite plate is calculated from 41 )
u k;l is the distortion in the plate and is given by
n is the unit normal vector to the martensite plate and C ijkl is the elastic stiffness tensor. N kp ðnÞ and DðnÞ are, respectively, the cofactor and determinant of the matrix defined as K kp ¼ C klpq n l n q . Here, the transformation strain is assumed to be smeared out in the plate. When only one martensite plate is formed, the elastic energy assigned to a unit volume of the martensite plate is calculated by
It can be shown that when " " T ij is given by " "
the stress (3) vanishes (here, b i is a vector having a displacement character. It corresponds to the vector from BB 0 BB 0 in figure 6 .18 in Nishiyama's book. 42 ) n i is the unit vectorÃ B AB). In this case, the elastic energy also vanishes. This is equivalent to the martensite plate undergoing invariant plane deformation as discussed in the phenomenological crystallographic theory of martensitic transformation. 42) This deformation is achieved in a plate having transformation strain given by (2) when f takes the value
and the normal direction n of the plate is
That is, under these conditions,
It is usually assumed that a martensite plate takes the structure and geometry defined by f 0 and n 0 even in the case of stress induced transformation. I call this a constant structure analysis. Recently, I started to doubt this assumption, for reasons I shall explain below.
To conduct a simple and specific argument, let us consider that a martensite plate is formed under a uniaxial tensile stress applied parallel to a unit vector l, which lies within the [001]-[101]-[111] triangle. Among the six possible martensite plates, that having the transformation strain given in (2) (with f < 0:5) is obviously preferentially formed under this uniaxial tensile stress. This is because
(This set of conditions also plays a crucial role in the existence of a stress-free martensite plate 37) ). The constant structure analysis predicts that the tensile stress to induce the transformation is given by
where F C ðTÞ is the chemical free energy increase from austenite to martensite (per unit volume) and depends approximately linearly on temperature T. The elongation (tensile strain) of the martensite plate along the tensile direction is
Here, " " T ij ðf Þð1; 2Þ is abbreviated as " "
T ij ðf Þ. To conduct a simple argument to show my point, the dependence of the elastic energy on n is ignored for the time being. If the fraction of BCV(1) changes from f 0 to f 0 þ f , the elastic energy assigned to unit volume of a martensite plate becomes
This is because E 0 is minimum (zero) at f ¼ f 0 and the quadratic dependence on f is seen from (2)- (5). is a positive factor depending mainly on n and can be explicitly written. is the appropriate elastic stiffness. " is defined from
That is, "f is the tensile strain increase in the martensite plate when f changes by f . Suppose that a tensile stress T is required to form this (1) BCV (1) BCV (1) BCV (2) BCV (2) n martensite plate parent austenite Fig. 2 Schematic of a twinned martensite plate with habit plane n, consisting of BCV (1) and BCV (2) in the proportion f to 1 À f .
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martensite plate. Then,
must be satisfied. The stress to induce a martensite plate becomes lowest when f takes a root of
Suppose f f is the root of (16) . Then, we can show from (11), (13) and (16) f
We see here that T is smaller than 0 . Of course, " 0 > 0. The change in the structure is larger when temperature is higher and accordingly 0 is larger. The decrease in stress from 0 increases quadratically as the temperature increases from T 0 . T 0 is the temperature at which the austenite and martensite have the same chemical energy. I call the above treatment, which accounts for a change in the structure of the martensite plate, a variable structure analysis.
A small correction is required to take account of n. Similarly to (16), we write
Thus, solving the set of simultaneous equations, (16) and (18), we can obtain the stress required to start transformation. In this case, dE 0 =df in (16) is replaced by @E 0 =@f . To seek the lowest stress to find the structure and orientation of a martensite plate appears intuitively correct. A question arises about how we examine stress induced transformation under multiple loading. Clearly, an energy based analysis is appropriate. Thus, Oliver has taken the following approach. 40) Firstly he uses the mechanical free energy
where V is the potential energy of an applied stress A and, in general, is given by
F M is minimized when f and n are the roots of
The work W done by the external stress is ÀV. Thus, for the transformation to occur,
must be observed. Inserting the roots of f and n in (21) and (22) into (23), we find the relationship between the external stress, f , n and temperature T.
In uniaxial loading, (21) is written as
Here, the dependence of E 0 on n is ignored. Using (15) , (24) is rewritten as
The numerator is identical to (16) . Thus, this energy based method gives the same result as the stress based analysis. Also the energy based approach has a technical advantage over the stress analysis. Equation (24) is a linear equation, while (16) is a quadratic equation. In addition, when the progress of the transformation is examined, internal stress is taken into account. The internal stress has, in general, multiple components even under uniaxial external loading. It is noticed that the case examined here is exactly understood through (1) and Fig. 1 . A martensite plate (our object) has the structure causing non-zero elastic energy. However, this structure decreases the external potential energy more than that which causes zero elastic energy. Figure 3 shows the T -T relationship and Fig. 4 the f -T relationship calculated for Fe-30.5 at%Pd using the method Taya. 43) The tensile direction is [101] , along which the tensile stress effect is greatest. The temperature T 0 , the lattice parameters of martensite and austenite and the elastic stiffness are taken from neutron diffraction measurements of Fe-30.5 at%Pd in Oliver's recent work. 44) For simplicity, isotropic elasticity is employed. Otherwise, DðnÞ has a complicated form. For comparison, the predictions of the constant structure analysis are also given. Even though Fe-Pd has a small transformation strain and small elastic stiffness, 43, 44) the variable structure analysis does not result in a large correction to the predictions of the constant structure analysis. Nevertheless, we can certainly see a difference between the analyses.
Progress of transformation
Here, I will give an analysis which may invite objection and arouse a lot of noise. Consider that the transformation proceeds to a martensite volume fraction of f P . Using the mean field method, 30, 31 ) the elastic energy is calculated as
per unit volume. E 0 is the elastic energy defined in (5) for an isolated single plate. The external potential energy and chemical energy are, respectively,
The equilibrium state is found from the requirement that variations of the total free energy,
vanish under a constant temperature and applied stress. This state is achieved when
are satisfied. Here, the solution of (32) are simultaneous equations to determine f P , f and n under given T ij and T. However, we can also read these equations as giving the relationships of T ij ðT; f P Þ, f ðT; f P Þ and nðT; f P Þ. The overall strain is given by
where " "
T ij ðT; f P Þ is obtained from f ðT; f P Þ. Figure 5 shows the stress-strain curve calculated using this method applied to uniaxial tensile stressing along [101] at 50 C above T 0 in Fe-30.5 at%Pd. The plotted strain is the overall elongation given by
Very strangely, as the transformation progresses and, thus, straining increases, the stress required to continue transformation decreases. I am afraid that some may attack this strange result. However, there is some truth in it.
In this case of uniaxial stressing, we can write the governing equations as
Since f and n change as f P changes, E 0 is also a function of f P . Let us calculate the work W performed by the external stress up to the point of completion of the transformation.
where is the overall elongation at f P ¼ 1. That is,
Equation (37) is rewritten as
By noting (35) , this is rewritten as
Integrating by parts and slightly rearranging, this is changed to
The integral of the above equation vanishes because of (36). That is,
Neglecting dissipation, as throughout this analysis, this must be correct. When the transformation is complete (f P ¼ 1), the specimen is uniformly covered by martensite, all of which has the same structure (f and n). Thus, there is no internal stress nor elastic energy caused by the transformation, and the free energy increases only chemically. The numerical integration of the curve in Fig. 5 confirms this point. Physical Metallurgy and MicromechanicsI have to make some remarks at this point. (i) n is assumed to make E 0 minimum during the progress of transformation, as required from (32) . (ii) After completion of the transformation, the overall elongation may continue to increase by changes in the variant fractions. At this stage, the frictional stress or energy dissipation required for the movement of interfaces between the two constituting variants must be taken into account. 45) (iii) The stress decrease may lead to instability. As in Lüders band deformation, this may result in straining via the movement of a single interface.
